Positive correlations between male vocalization and reproductive success have been documented for many animal species. They are usually based on differences between males in vocalization rate, duration or repertoire size. Here, we present probably the first field study linking differences in territorial overlap and mating status to differences in a single, clearly definable song element, the ?Snarr'. Male water pipits,Anthus spinoletta, with high Snarr scores were mated more often than males with low scores, and their territories overlapped less with those of neighbours. Although correlating positively with male body condition, the frequency of the Snarr did not reflect male age, territory size, territory quality in terms of food and paternal performance. Therefore, it seems unlikely that the higher mating success of males with high Snarr scores results from active female choice of high-quality males; rather, high Snarr scores seem to signal dominance in males. Likely mechanisms that produce the link between vocalization and mating success, and potential costs that prevent some males from producing the Snarr at a higher rate, are discussed. 
In recent years, several experimental and comparative studies have demonstrated that males singing or calling longer, more frequently or with more complex repertoires have higher reproductive success than males with less elaborate vocal performance. Andersson (1994, pp 132-142) , in his recent book on sexual selection, lists more than 60 species with such a relationship, most of them birds and anurans, followed by insects and at least one mammal. The evolution and functioning of vocalizations as secondary sexual characteristics is usually explained by assuming that more elaborate acoustic signals are beneficial in malemale competition and/or female choice, thus providing its bearer with a reproductive advantage over other individuals of the same sex (Catchpole 1982 (Catchpole , 1987 Searcy & Andersson 1986) . As a necessary, although not sufficient, precondition for achieving such benefits, the trait must contain reliable information about the owner's quality. Thus, using status and other quality information encoded in a song has obvious benefits for both sexes: a male can avoid unnecessary skirmishes with superior page 4 competitors and/or familiar neighbours; a female can reduce her costs of searching for mates and select those individuals as social and/or extra-pair copulation partners that improve her fitness, either directly by enhancing the immediate reproductive success ('phenotypic benefits'), or indirectly by producing offspring that inherit their father's superior condition and, thus, survive and reproduce better ('genetic benefits') (Andersson 1994). In this paper we investigate the relationship between song and mating success in the water pipit, Anthus spinoletta, a small insectivorous, ground-nesting passerine, which breeds in the Alps above the timberline. Given its monogamous social mating system, occasional polygyny and a slightly male-biased sex ratio, some territorial males remain unmated ('bachelors') in any one season (Bollmann 1995; A. R. Schläpfer, unpublished data). With an annual mortality rate of 44 % this will result in drastic negative lifetime fitness consequences. We therefore can expect strong selection on traits that improve chances in male-male competition and female attraction. Since males spend much time in elaborate song flights, which vary among individuals in repertoire and length, it seemed likely that song has an effect on mating success. This treeless habitat is the typical breeding ground of the water pipit. The bird is common and widespread above the alpine timberline up to 3000 m elevation (Glutz & Bauer 1985) with densities between 5.5 and 6.2 territorial males/10 ha during the period of our study (1990) (1991) (1992) . Males return from the wintering areas in April and perform conspicuous songflights which serve to establish territories and attract the females that arrive a few days later.
Songs and their analyis
We recorded the songs of 75 males from April to the end of June in 1990, 1991 and 1992. For 71 of them we knew the social mating status, i.e. whether they were monogamous, polygynous or unmated; for several males and females (all of them colour-banded) we also had information about their age (n=53), body measurements (n=43), territory size (n=44), territory-specific food supply (n=31) and/or reproductive success (n=34). Body measurements were also available for 22 of their females.
Most sound recordings were made between 0530 and 1230 hours, and a few between 1800 and 2100 hours. We used a Sony TC 5-DM tape recorder, Sony metaltapes and a Technics RP-VK 10 microphone fixed into a 60 cm parabolic page 6 reflector. Sonagrams were produced and analysed on a MEDAV colour spectrograph (MOSIP Co.). A-element and -phrase. The first element of a song was termed A. Therefore, by definition, it occurs in every bird's repertoire. Its structure varies considerably among males, but is specific for a particular individual. All A-elements produced in a sequence are called an A-phrase. For each male we measured the following 13 time and structure variables (the first, repsize, applies to the individual, all others refer to each songflight). We analysed 835 songs from 75 males. We recorded 3 -37 songs per bird with an average of 11. Analyses of variance (ANOVAs) showed that even with only 3 songs/male variance in variables was significantly smaller within than between individuals (P<0.05). We therefore felt justified to average variable values from all songs of the same male, independent of the sample size. As a result, each bird entered the subsequent analyses only once. >0.45 to be meaningful. To test for song differences between males, the individuals' scores on the resulting factors were then related to mating status by using multivariate and univariate analyses of variance (MANOVA, ANOVA). To test whether or not song differences reflect differences in male quality, the important song factor emerging from these analyses (Snarr) was related to the males' phenotype, territorial defence, territory quality and reproductive success by means of analyses of variance and regression analysis. Phenotype features included age, length of the eigth primary, tarsus length and body weight, the latter expressed as a residual to control for the effects of year and day during the season. Territorial defence was measured by size and percentage overlap with neighbouring territories, territory quality by insect biomass sampled with a sweep (Fig. 1a) , ASnarrC (Fig.   1b) and ACSnarr combined were typical for 73.4% of all males. Any of the other 12 combinations (e.g. AC, ABD, ABSnarr) characterized less than 5% of the individuals. Only three males had songs with more than one sequence. The sequence of the elements and other specific features of a male's song are determined during his first year of life and do not to change thereafter (cf Fig. 1c) .
A multivariate analysis of variance, based on seven males, each recorded in two consecutive years, yielded significant individual differences in repertoire size (P=0.007), rhythm (P<0.001) and proportion of the Snarr (P = 0.029; Wilks' λ: The analysis is based on only those elements that occurred in at least 90% of the males (A, C, Snarr). However, inclusion of the rarer element B, and thus a reduction of the dataset, does not seem to affect the grouping. In both cases, the PCA resulted in as many factors as element types were considered, and the three frequency measures of each element type correlated highly with the same factor. Table II ). Neither the other four time/structure-nor any of the three frequency-factors contributed significantly to the discrimination.
Pairwise comparisons show that all Snarr measures (absolute and relative numbers as well as scores of factor 3) are significantly lower for unmated than for mated males, but do not differ between mated males that did or did not reproduce successfully (Fig. 2) . Also, among those successful breeders for which we know the precise number of fledlings, there was no correlation between Snarr scores and reproductive success ( The clearcut song difference between mated and unmated males and the lack of a similar difference within the mated category suggest that producing the Snarr may affect territory establishment and pair formation but not influence breeding performance once a male is mated. In order to test this hypothesis further we performed three MANOVAs after grouping individuals into two distinct categories: the 'low and 'high Snarr' males with an average of 12.6% (range: 6.2-29.5). The first two MANOVAs included all males, and related their mating status and membership in the 'low' or 'high Snarr' group to two correlates of territorial defence (territory size and overlap) and one measure of territory quality (prey density); the third analysis, considering mated males only, searched for differences between 'low' and 'high Snarr' males in terms of parental performance (absolute numbers of eggs, nestlings and fledglings per season and hatching and fledging rates). Territory quality and size were not related to mating status and extent of snarring, but territory overlap was. A significant Snarr x status interaction indicates that an increase in snarring reduces overlap more in mated than in unmated males (Table III, Fig. 3 ).
In terms of parental performance, the respective MANOVA yielded no significant result (Wilks' λ: F 5,19 =0.530, NS). 'Low' and 'high Snarr' males did not differ in any of the five measures for reproductive success (all P>0.222; univariate ANOVAs). Thus, frequently snarring males seem to be superior in defending territories, but not in raising offspring. To test for potential relationships between song performance and other male qualities, we performed a multivariate analysis of covariance, which related Snarr scores to age (one year or older) and three body measures (length of the 8th primary, tarsus length and body weight). The amount of snarring was not related to age, feather or tarsus length, but increased significantly with body weight (Table   IV , Fig. 4) . When, for females, the same three body measurements were related to (a) the Snarr scores and (b) the body measurements of their mates, no significant relationships were found (a: F which is related to male quality, seems to affect territory defence but not to attract better females. not change after the first year (Fig. 1c) and performance of the Snarr was not related to age (Table IV) The proximate cause for this relationship presumably originates from the specific physical properties of the Snarr. As a mainly amplitude (i.e. intensity) modulated element with a broad frequency band and rapid onsets and offsets, it is easier to localize than clear notes, such as A-C, with one or two dominating frequencies (Becker 1982; Dooling 1982; Wiley & Richards 1982) . Moreover, at least A and B predominate during the ascending and horizontal flight phase and, thus, are spatially decoupled from the actual territory location, whereas the Snarr is always produced during the final phase of the song flight when the male descends into his territory. This suggests to us that the element allows a male and his territory boundaries to be precisely located. better localization increases the "domain of repulsion" against neighbouring males and, perhaps, the "domain of attraction" (Parker 1983) towards females searching for a mate. As a consequence, the Snarr would lead to higher chances of getting mated, even if males and females were repulsed, respectively attracted, randomly to male songs. However, the positive correlation with male body weight (Fig. 4) indicates that Snarr differences convey additional information about male phenotypic conditions. Possibly, lighter (i.e. weaker?) birds cannot bear the costs associated with the regular production of this element, but the nature of these costs remains obscure.
In contrast to the direct costs associated with developing status badges in plumage (e.g. Møller et al. 1996; Veiga & Puerta 1996), costly production of Snarrphrases themselves is unlikely. In terms of time, the element, on average, amounted to only 9% (range 0-29.5%) of song flight length and was not correlated with song duration (Table I ). In terms of energy, expenditure for an audible signal page 16 is a function of power output (dB) which in turn depends on the element's frequency (kHz) (Dooling 1982). The Snarr neither differs markedly from the other elements in its frequency range, nor seems louder. Therefore, producing it is unlikely to be metabolically more expensive than producing other kinds of elements. It may even be cheaper because rapid repetition of notes can make use of the syringeal membranes' elastic properties (Brackenbury 1982; see also Ryan 1985, p. 147 for a similar argument for anurans). Indirect costs, resulting from the response of predators and/or conspecifics are also not immediately obvious. In terms of survival, adult water pipits do not seem to be very prone to predation. We never saw an aerial predator attacking a male during its song flight, and terrestrial predators, especially adders, Vipera berus, frequently take nestlings, but not adults (Luiselli & Anibaldi 1990; Bollmann 1995).
With this low overall predation rate, significant mortality differences between 'low' and 'high Snarr' males are unlikely. In terms of conspecifics, frequent territorial advertisement through the Snarr might increase aggressive male-male interactions which only males in better condition can afford. This could lead to the observed positive correlation between snarring and body weight (Fig. 4) . However, social control alone seems to be an insufficient safeguard against the invasion of status In conclusion, this study clearly demonstrates a link between one specific song element, the Snarr, and male condition and mating success; but the precise proximate and ultimate causes for this link remain unknown. They can only be analysed through playback and other experiments. Summary statistics of relationships between territory size and overlap (a), respectively prey densitiy within the territory (b), and matedness and amount of snarr (low, high) of the territory owner. Significant results are printed in bold. Results of an ANCOVA testing for relationships between the amount of snarring (scores of factor 3) and male phenotype. The sample size (n=19) of the analysed data set is smaller than the sample sizes for the individual variables given in the 'Methods' because phenotype data were incomplete for some males. Significant results are printed in bold. by the scores of factor 3 from Table I , body weight as the residual from an ANOVA, correcting for the effects of year and day during the season. The sample size is higher than that in Table IV because the plot includes 11 additional males of unknown age. 
